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Understanding the physics of ELM control is a high priority!

« ELM control is necessary for future tokamak-based fusion reactors
— Already a serious design consideration for ITER
— And placing coils inside the vacuum vessel is very expensive!

— In order to predict whether this method will scale to future devices, we need to
understand both the enhanced transport and the requirements for control

 For each flavor of ELM control via external magnetic perturbations ...
— ELM triggering: Type-l ELM transport

— Must be rapid enough to produce tolerable transport

— ELM-free equilibrium transport determines the desired ELM frequency

— ELM mitigation: small ELM transport (not type-1?)
— How does the RMP change the stability of small ELMs?
— Or how does the RMP change the nonlinear evolution of type-I ELMs?

— ELM suppression: transport mechanism unknown?
(‘ku?,-m — Same mechanism responsible for increased T, during ELM triggerin{ﬂ._
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What is the transport mechanism during ELM suppression?

Original idea: magnetic perturbations induce stochastic magnetic field

— But stochastic fields typically induce large electron thermal transport, not
convective transport

— Calculations suggest this is not likely without serious modification of either the
perturbations inside the plasma or of electron thermal transport

A more critical evaluation of the way that the magnetic perturbations

penetrate into the plasma suggest that there is little actual reconnection
— Plasma must flow within magnetic surfaces

— Perpendicular plasma flow must vanish if islands or stochastic fields are present
— Large inertial/viscous forces drive a large shielding current

So what can be responsible for convective transport?
— 3D fields drive additional viscous transport

— Experimentally, turbulence has also been shown to increase rapidly
— Can we understand this from first principles?

—
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Plasma responds to an external magnetic perturbation both
through amplification and shielding of perturbed flux

* Normal modes of ideal MHD are amplified

=y /¥ >]

ext ext vac

S

 |deal MHD screens resonant fields near
rational surface m = gn

?j)(x) = wintllltear (X) + wextlllideal (X)
S =W /¥ <<l

int int ext

* Non-ideal physics near rational surface
determines amount of reconnection

— Plasma rotation provides screening

S.. =% /¥ <I

rec int

« Total reconnected flux ~S 13

oo [ T;"ec - SrecSintSext <<1 }

Ideal MHD

Plasma Response (n=3) - MAR
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Ideal MHD holds far from resonant surfaces k, = (m-nq)/qR ~ 0

« The form of the exterior solution is dictated by ideal MHD
— Decompose the perturbed flux vy into '
an ideal shear Alfven wave W, 08F Fracuum

and a tearing-parity mode ¥,

ear 06F
Wext
w('x ) = wintlljtear (.X) + lpextlp;'deal (X) 04F e\ \llll deal
Yint
W, () =1 W () =0 o2} N Ve
W, (@=0  W,(@)=(a/r)"
0..2 0?4 0:6 0..8 10

* Non-ideal effects near the rational surface determine the plasma impedance
— The parallel current must be matched to the jump in the exterior solution

é)xw T 4717 f‘llldx wext
layer = =~ = A,tear + Alia’eal
1/} §— C ws wint
 Transmission factor is the final output
— Conductivity effectively increases with L Y i _ AV LAY - 1
rotation and shields reconnected flux ", 1=Ay, A, @S]
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Reconnected flux vy, is not equivalent to “internal flux” ;.

Example: Ideal MHD-Inertial regime

Tvacuum

o 2-field reduced MHD model

AN
d J bxVg Y e
- = -V — = V WPrea
at o' B ot 9 N~
U = Vf¢ d—U _ 2V- J 4 \ .
J, =V a 4!

— Dispersion assuming thin island limit

J (a)2 - (kV, )z)ax(p =0 J, >> 0,

X

« Solution including magnetic shear

— Has shear Alfven resonances at x, 7 7 A4 2
k =k, x =kx/L, ¥=x¢/x, : &<
X, = Lsa)/kyc ¢ =i(2xA /Jr)arctan(x/xA) " + 1 s x_’:
— Finite transmission but no reconnection! lﬁ — Reg
A2k, =im/kx, =inw, o [T/}recf‘/}(x:()):()} °f — Img
= S, =1/(1-io, /7o) Sree = Wree Wit =0

Energy
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The exterior MHD solution is greatly affected by realistic
plasma geometry and Stability1 IPEC calculation by J. K. Park

 The plasma displacement &(x)
is a sum over normal modes

B 5
gn = FMHDgn = _a)n§

— Response to an external source

g—FMHD§=H(X)

& (x) g (x) l .0 1_5R im] 20 _ l .0I - ,5;{ m] 2. ,’ l'I.O 1.5R (m] 20
E(x) = E ~ 2 Vacuum Low-B High-B

Ideal MHD Plasma Response (n=3) - MARS-F
3_"'I"'I"5'I"'I'§' 6

Z[m]

— Internal field is rather different from e - Vacuum ;
[ m=
applied “vacuum?” field! o=l | | \

« Strong amplification near marginal stability’
The least stable mode w,=min(Jw |)~0 dominates

S(x) = <§O >§O(X) & <§OH>§O(X) 00 oz o4 .08 TR

W, 1 - ﬁ / /J)crit EQ: 126006.03600; /I, = 2.9, qes=3.6 - mI03
MARS-F calculation by M. J. Lanctot UL_

B (G/kA)
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RFA has important implications for ELM control:
The spectrum must fit the plasma!

» Properly sculpted interaction can increase the perturbation strength of
desired helicities locally; e.g. near the edge

— Mode-locking threshold sets the limit on the maximum applied perturbation
strength, but RFA can locally boost the internal perturbation field

W,, < RFA(BIB,.) V.

— RFA ~ 3 is typical, increases quasilinear effects by x10!

« Improper interaction will couple to a global mode that will lock plasma
rotation and cause disruption: best to avoid n=1, (n=27)

* If RFA is necessary in order to achieve the required perturbation
strength for ELM control, then there is also threshold in beta

?‘/}int > lpcontrol %[)) > ﬁcontrol

— But if beta is too large, ELMs will return, so there must be a window in beta

o Bau > B> B . .
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Non-ideal physics near the rational surface k;, = (m-nq)/qR ~0
depends on key dimensionless #’s

* Lundquist # S, ~10°-107° sets the basic resistive scales
— Balances inertia & resistance near rational surface

1/3 3
T, =S5 1, ~10°1,

8, =S™r~107r ol

Dimensionless #s

* FLR effects are important!
— The resistive layer width is
smaller than the gyroradius

Ps = P,/6 ~5-10

« Even in H-mode, anomalous
diffusivities are large!
— “Prandtl” numbers estimated 107
from edge energy confinement time

- P - tR /TViSCOMS ~ 10 - 100 D = TR /IDzﬁ” ~ 10 - 100
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;Scig%:es 12




Diamagnetic flows within the H-mode pedestal steep-gradient
region are larger than the ExB flows

(

High-resolution experimental data & analysis techniques are needed to
accurately measure flow velocities

Plasma Parameters 100

- :
i

"'Ne(01scm) : : 7 '
1k —_—Te (keV)
= = =Ni(10"%cm®)
0.5f | =Ti(keV)
= = =Nb (10"3cm®)

N (10"3cm®) or T (keV)
N

-

. - By s

. ------- -
- wwogy oo

0 . —150 : : : : ;
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n

DIlI-D 126006 in ELM suppression phase at 3600 ms

— Rotation frequency defined as o - k-V
an “equivalent” toroidal rotation " on

=( tor +qa)pol)

tor

—
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Drift-ordered models needed to capture FLR effects:
3-field model provides useful insight

« 1storder drift effects are described by the Hazeltine & Meiss’ “flute-reduced”
isothermal 4-field model’
— d/dx >>d/dy >> d/dz

» Further assumption: low-beta - 3 field model
— Eliminates parallel momentum equation, curvature terms
— @Good for top of pedestal, but toroidal geometry will couple surfaces together

oY ViP d Jd bxVe¢

_ ’ — =V, 0 - “+nJ — =+ -V
Ohm’s Law ot I en, I o B
— Vorticity Cii_ltj _VAV-J, + u VU U= Vlz- nV. ¢+V:P
Jll = Vﬂ/}

— Particle Cons. d J

&= .&_l_V.DaVne P=l’l<T+T)

dt 4 e exte

« Dispersion relation requires solving 8t order ODE

— Can be reduced to 2" order ODE after Fourier transformation from minor radius
to ballooning angle & including effect of magnetic shear??
1 Hazeltine & Meiss, Phys. Rep. 121, 1 (1985)

- 2F.L. Waelbroeck, Phys. Plasmas 10, 4040 (2003)
<?usionlr 3 A. Cole & R. Fitzpatrick, Phys. Plasmas 13, 32503 (2006) UL_ i
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3-Field Model: Transmission factor has many different
limiting forms depending on key dimensionless #’s: S,,,P,D,p;

Visco-ldeal Visco-Resistive |S S 1/3|
Transmission Im(S) Y & Semi-Collisional '*"i‘;’ H — SC
e | S =T Transmission e
rec
wint
SrecsintSH1/3
_Srec

-3 i) _

* Resonances occur near locations where: Vg, g=0, V=0 and V_=0
— Actual resonance locations are shifted by kinetic effects’
» Electron drift resonance appears in Visco-Resistive & FLR-regimes
— Parallel Ohm’s Law has resistance, but no impedance due to electron inertia

« Semi-collisional? regimes typically allows greater transmission
— Diffusion tends to smooth ion and ExB resonances, but not electron resonance

@u;m IM.F. Heyn, et al. Nucl. Fusion 48, 24005 (2008) UL-
&% 2J.F Drake and Y.C. Lee, Phys. Fluids. 20, 1341 (1977) 15




Experimentally, transmission is generally predicted to be
small S~104-10- except in 2 places

Examples: Equivalent to:
Diamonds: MHD using S,/10° Nonlinear code

le document down T — " 0 T C T T T T ) .
Triangles: MHD u=0.01 m?/s Linear code
Triangles: 2-fluid w =1 m?/s  Theory
10 Squares: 2-fluid u=0.01 m?/s Theory
3 Circles: linear kinetic calculation?
S -Coulomb collisions via Krook operator
int , -no anomalous diffusion
104 5 M. F. Heyn, et al. Nucl. Fusion (2008)
: 6 6
103 S 5
! 1 .4V | 4
0.80 0.85 0.90 0.95 1.00, | = 3
wN 2 2
Analytic calculation of |
shielding by F.L. Waelbroeck ! !
% 02 04 08 08 1 09 0.96 0.98 1
S S

1. At the electron resonance V_=0
2. At the FOOT of the pedestal, where the plasma is extremely cold
Significant reconnection only occurs for y > 99% UL- 3
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Which transport mechanism governs the particle pumpout?

» Particle transport equations v b Vo
=— X
on, ==V n,(V,+ V4V, +V, )+ V- /e ’ eBb
V., =——=xVp
o, ==V n(Vy+Vy + V., +V,,) » = enB

nv, =V, —”;” IV + —Z x (VIT+ R)
e
« Ambipolar transport processes: 2D & 3D

— Axisymmetric neoclassical transport
— Convective transport: parallel flow V,, turbulent transport V¢

* Non-ambipolar transport processes: 3D
— Free-streaming along field lines is not ambipolar since V,,>>V,
— Collisional transport is not intrinsically ambipolar in 3D fields since p>>p,

 Criterion for observation within experiment I'gyyp~ I’
— Typically D D...,~0.1-0.4 m?/s

pedestal = “neo
= Increasing turbulent diffusivity by x 2-3 could do the trick

( I;ysion
nergy IL
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Non-ambipolar transport actually requires 2 mechanisms:
need enhancement in both electron and ion channels

Ambipolarity requires electron & ion transport to balance

0=V-7=V-(Jy 41, +7,.) = V- [y +en, (Vo + V2, =V, = V2 )

Since ion & electron transport proportional to free energy, a radial electric
field arises to balance the flows

— General transport relations Ambipolar electric field & flux
Je =Oe(Ee_E) E GeEe +O-iEi
J,.=ol.(E—El.) 4 o, + 0,
eE. dn. drT.

Il By E -FE
LoodrTdr Jo=di==de=7 "7
¢E, __dn, , dT, _ dT O +1/0;

Transport is slowed to the rate determined by the smallest conductivity
— If either o, or o, vanishes, the transport vanishes I'=I',=0 once E=E,

. IR

(Fusion ‘
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The transport mechanisms must have the right magnitude —
including the estimate of the transmission factor

» Stochastic transport — electron channel
— D.~qRV,, (6B,,./B)>~ 10-100 m?/s < Too large (OK for particles, not heat)
— D.T,..~0.01-0.1 m?/s < Too small (no stochasticity)

€ rec

» Viscous drift transport — ion channel
— Axisymmetric neoclassical’ D, jaean ~ P*V/GR ~ 0.1-1m?/s < Just right
— Non-axisymmetric neoclassical® D, ~ p, V, (8B,,/B)* S, ~ 0.01m*s € Too small?

« Transport within an isolated island must balance || transport and viscous drift
— Dy~pV/PB (OB, /B ~0.01-0.1 m¥s & OK?
— DgS.,~0.001-0.01 m?/s < Too small (islands must open for effect)

int

M.Z. Tokar, et al., Phys. Plasmas 15 (2008) 072515 2K.C. Shaing, et al., Nuclear Fusion 50 (2010) 025022
V. Rozhansky, et al., Nuclear Fusion 50 (2010) 034005 J.K. Park, et al., Phys. Rev. Lett. 102 (2009) 065022

—
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Can stochastic field line transport explain the reduction in
edge pressure gradient?

122342.04650: ¢ = 0°

@ o2 2 i,
3 3

0

I-coil only: slow diffusion

122342.04650: ¢ = 0°

1 ',l"

0

I-coil + C-coil + field error: rapid loss

« Original working hypothesis of the DIlI-D ELM-control team:
“Perturbations induce magnetic diffusion and fractal structure in the edge”

« TRIP3D code superimposes external coil fields & Grad-Shafranov EFIT equilibrium
Plasma is treated as a resistive “vacuum” instead of as an ideal conductor

.
Fusion 2
Energy

\_Sciences

LLL21



Stochastic particle motion generates macroscopic
diffusion of the fluid moments of the plasma'?

 Particle conservation dn+V-nV =-V- T,
D, 1
I' =———|TVn+ZenE + —nVT
T 2
« Energy conservation J, %nT LV %nTV +nTV-V =-V- Q-V- Q, - ZeFT,

3
Q,=-2D_- (TVn + Zenk + EnVT)

*Numerical factors reflect the dependence of diffusion on the parallel speed |v|

 The ensemble averaged diffusion coefficient is defined by the average speed
[2T OB\’
DSt - dﬂ Jim dﬂ = ﬂquﬂ(E)m=Qn

'A.B. Rechester and M.N. Rosenbluth, Phys. Rev. Lett. 40 38 (1978)
<$u?,-£lr 2R.W. Harvey, et al., Phys. Rev. Lett 47 102 (1980) UL-
22
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Parallel transport is not ambipolar and an electric field
must develop to restore ambipolarity’

» Electron diffusion is much more rapid than ion diffusion

Dst,e /Dst,i = Vth,e /Vth,i = \/mi/me ~ 60

 The only way to achieve ambipolarity I,, =1,
electron diffusion almost vanishes

D 1
I = ﬁ(TVn —enE +—nVT) ~0
T 2

is if the free energy that drives

st,e

« The non-ambipolar flux sets the ambipolar electric field eE, =7, — +5VT6

n

e

Vn 1 )

* Both particle fluxes now diffuse at the slower ion diffusion rate

6, -V, 22 Jvr v

n

e

« Thermal conduction times scales are very different for each species

*  “Rechester-Rosenbluth’ Q,.=2D,, nVT,
electron conduction
« lons respond to total pressure Qst,i = Dst,i(zv(pi + Pe) + ”eV(Ti -1, ))

—— T. Stix, Nucl. Fusion 18 373 (1978)
(Fusfon" 2R.W. Harvey, et al., Phys. Rev. Lett 47 102 (1980) UL_ ”
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Quasilinear thermal diffusivity estimates are too high to
match experimental results — considering I-coil alone’

o ] (a)
Collisionality 1o Collisionality T eer
mjp K ~ 100
— YV

:—-;:?:’?F? N\‘N

Quasilinear field line diffusion sotl [ sim
5 2 —o—gRR exp| Electron Diffusivity (b)
100 | =O=Dsr eXp [ TN
d. = gR —B 50| Do sim | e ey
m=qn N;E;");,,:,:r:,,, - T epspeerey e
o 5 A—__ P v
Collisionless diffusion M

1

D st = dﬂVT

5.0 " Deuterium Diffusivity
Collisional diffusion oo
) —+—DRgR sim
s 1Op:miiiiisaii:| e Dey sim
= = "o 0.5} AR e
Drg =Dy )"mfp /LT Dlldﬂ/LT - M
0_1W
sion U :
(7 Epersy |. Joseph, et al., Nucl. Fusion 48 045009 (2008) 0.80 0.85 050 0.95 1.00.



Pedestal cools as stochastic layer increased

I-coil (kA):
0 ( axzsymmetrlc )

E3D 122432: 4650ms 2D E3D 122432: 4650ms, I=1kA. |C|=0 E3D 122432: 4650ms, I=2kA. |C|=0 E3D 122432: 4650ms, 1=3kA. |C|=0

UH

Te (eV): 50 100 150 200

0) 18 -3
D =02m"/s n, =4x10"m
'I. Joseph, et al., J. Nucl. Mater. 363-365 591 (2007) UL' 25




Te and Ti predicted to be strongly reduced by stochastic field
line diffusion

T (kev) or n, {1(}13 cm‘a)

No transport barrier D = 1 m?/s
constant heat flux BC's

ne :
1.8 =O-Tiaxi ||
o =Q=Teaxi |
16f =1 Ti 3kA ||
. =0~ Te 3kA||
1.4} o, 5
v i
1.2} g
1
0.8
0.6
0.4
0.2
1.05

D 1
0.85 0.8 0.85 1

2000
e TSTe
s 0 kA
1800 . 1 kA
2kA
1600 fe 3 kA
1400
1200 -
—
2
<= 1000
o
=

I-coil scan at D = 0.2 m?/s
~ constant temp BC’s

E3D 122342:

I 4650 ms I-coil scan

1 | 1
0.8 0.85 0.95

* n, assumed to be a flux function
 Thermal transport increases as expected

—
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In fact, the edge rotation is measured to spin up, not down!

« Edge impurity (CVI) and inferred ion
toroidal rotation are found to increase
in the edge region

* E, does become more positive, but
not in agreement with stochastic
ambipolar field

— XGCO calculation by G.Y. Park

—m—E, before RMP
| —®—E; 20 tau after vac RMP
—o—E, 40 tau after scr. RMP

4.0 [eae] —
“‘“...o.‘o. ® o
o.. ° o )
’E\ M““'.‘.. . ..’:.o
S 0.0 g0 :- ......‘ ©
< -,_!:, " i f;'ﬂ'
() °
2 -\\ . I |
L . d
4.0 ."'-% o °./ -
'\‘. /
/I
-8.0 A 1 A \..n
0.85 0.90 0.95 1.00 1.05
YN

80

08 09 1.0 1.1
Yy




Outer strike-point develops pronounced non-axisymmetric

strike point structure

170
169
168
167

g 166

o 165
164
163

162

0 60 120 180 240 300 360
¢

- Heat flux delivered to regions

of long connection length

- Verification of thermal footprint
allows verification of magnetic

field structure

.
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Multiple striation were observed in particle flux!
Is this caused by RMP magnetic footprint structure?

‘5cm Width qua|itative|y matches TRIP3D: Inner Strike Point 123301 2170 ms
TRIP3D field line tracing

IR-TV

XPT-TV

‘Width scales as ~ (0B/B),

123301_2104_240perp.img, 6563A
Max(lmg): 1.43E+16 [ph/s/sr/cmzz

14.10" E
1.2:10"°
1.0:10'°
8.010”
6.010"
40.10"
2.0:10"
0 s 60

120 180 240 300 360
0 100 200 300 400 500 600 ¢ (deg)
X pixel

Y pixel

*Heat flux striations were not
observed at 60° IR camera location

- Inspired additional IR camera at a
location of 160°
(P@t
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However, measured heat & particle fluxes are quite different!

Particle and heat flux for #129194

Particle and heat flux for #129752

200
3
&
E
=~ 100
- foarl¥ NS
- e, “./ Aol
300 150 -100 50 o0 50 100 150 oo -80 -s0 -40 -20 0 20 4o
swzlll [mm] sw," [mm]
129194 ISP 3.0-3.2 sec 129752 OSP 3.2-3.6 sec
* Heat flux is axisymmetric
— TEXTOR IR camera placed near 160°
— Neither IR camera shows significant strike point splitting
* DIMEs camera (filtered Do) also near 160°
(M Jakubowski & O Schmitz, FZ-Julich)
Pasion &
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OUTLINE

* Motivation
 Plasma Response to Applied Fields
 Transport Mechanisms

 Small-Island transport
— Magnetic flutter transport balances viscous transport
— Drift wave radiation by magnetic islands
— Shear flow damping by additional viscous forces

e Conclusions
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Quasilinear Lorentz Force: generated by screening current
and perturbed magnetic field

Average Lorentz force density . gﬁJ x Bd’a d [BxBy] i

— Large at rational surfaces “ A, dx 4w

— Proportional to transmission factor S, Bl A B I
fu =7 0(x)Im— 2 = =2 5(x)ImS,,,,
T 4n 2k 4 g

« The perpendicular force is large, but the poloidal component is balanced by
poloidal flow damping, leaving only the smaller toroidal component

— For experimental conditions with B..~6G

ql - tor

* In equilibrium, the toroidal component must be balanced by another force
— Anomalous viscosity leads to a cusp in V,,

— [dV,/dx] ~ 200 krad/s x Im § BO
[ tor/ ] ad/s X Im Oyayer MNO"XMGO’)V = ;lfql

X tor

> B
2.V, < N AMEE VzA B

Be
B
Pasion & > X
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Quasilinear magnetic flutter flux due to J,, along perturbed
field lines 0B,

“Magnetic flutter flux” is the ambipolar fJ” d*a [ ]
|| electron flux = perp. ion flux eA,,; dx AmeB/c
— Large at rational surfaces NV B P
= W . ( ) gt ImSlayer = DBN(S(‘X)
« Flutter flux residue yields a “diffusion” !
— However, can point inward or outward oV, ?
depending on the sign of S, ., Dy = B .5,
« For experimental conditions with B_ .~ 6 G
— (dN/dp), = Jd3x Ty ~2x10"%/s x Im Stayer
* In equilibrium, the flutter flux must be balanced by another flow
— Anomalous diffusion leads to a jump in N D,J.N =-I,
— [N]/N~10% xIm S|,
/ [N]<0 V] __Dy
N D,

o > X

Energy
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If anomalous diffusivities determine the equilibrium state,

then the QL Flux is proportional to the QL Force

Eliminating |B,,/B|? leads to

[N] _ Ma ppol[é,x‘/tor]
N D, V.,

Fg can brake the ion rotation while
I'g generates an inward pinch
- only possible single fluid result

Fg can accelerate the ion rotation while
I'g generates outward exhaust
- possible in two-fluid regimes

[0,V ] <0\

> X

L .



In the region where electrons & ions rotate in opposite
directions, ions accelerate and the flux points outward

« This qualitatively matches two critical experimental observations

Rotation Frequencies Im(slayerSH 1/3) — SC
100 ARREERIET RN IR SRILINLY : ,
: ; ; ; ; Brake plasma
' ; Inward pinch 4r —  SC-Diff
— VR
2k
Wi

=
Brake plasma
Inward pinch
Vi, Ve<0 Brake electrons Vi, Ve>0
: ; ; 2 : Accelerate ions
_15%.5 0.6 0.7 " 0.8 0.9 1 Outward flow
5 Vi<0, Ve>0

— Im §,,,., determines both magnitude and the direction of the force & flux
S _ wint
layer ~— w
-~ ext
L -
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Convective transport: Drift waves can be radiated by islands
whose widths are on the order of the ion gyroradius’

« At large distances, the equilibrium density profile must follow the Maxwell-
Boltzmann relation modulo a flux function

— Flux function must yields correct density gradient at large x

lilrgolog(ne) =7

« Sharp structure in density profile
acts as a source of drift waves

"Waelbroeck, et al., Phys. Rev. Lett. 87 (2001) 215003
=~ R. Fitzpatrick and F.L. Waelbroeck, Phys Plasmas 12 (2006) 122511
(Fusion ¢ F. Mililtello and F. L. Waelbroeck, 49 Nucl. Fusion (2009) 065018 UL_ 5
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Radiated flux can be calculated within 3-field model

« Collisional isothermal drift wave model including magnetic shear

d J bxV¢
- _ 2 AV,
IR C Y] @i n"p
dt dt U=V(¢p+P)
J=Viy

 Solve in k-space

~iw + Dk’ +T1u, p’k
~iw, +(D, —iw,0* )k +(1+7)u,0’k;

k

¢, =

« Radial structure determined by

d
C’;‘f —DV’n, +V-J,/e

d_w _ V|If)e
dt  en

+nJ
2 . 2 4
d % d -0, — za)i(Da + ua)kl +D, u k’

dk, —iw, +nk? dk,  —iw, + (Da - ia)l.pz)kf +(1+7)u,p’k'

(’u’sE 4 UL- .
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Drift waves are radiated when the rotation frequency lies in

the drift band: w:->0>0 sothat 0>w,>- w-
« Convective flux  Solution becomes
delocalized in drift band
2 2 . b b N Z - o o
w | |(wh ,
Lo = —NkyPVth(l = ) |9 sind,
w.) | L, k x of =—-— — = .
A ? ) W’ + (Da/q2 +wapzkf)2 ) o =
hl (o, +0,0%k2) + (D2 +(147)u, 0%k ) | e = |
D 2 21.4 D kz 1 2k4 o . . y
d, = arctan K F T, — arctan—*—= ul +T)2M“2p = e—t b o S—
w W, +w,0°k =
-‘L = ;*_:‘ﬁj
Fig. 7 from

F. Mililtello and F. L. Waelbroeck,
Nucl. Fusion 49 (2009) 065018

.
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Damping of shear flows by additional viscous forces could
amplify turbulence saturation amplitude & transport

2.2
« Collisional DW dispersion 0+ kot = —i[Dkf FR20"(v,+ Mkf)]Jr .kn -
— Drift waves damped by o +i(v, + k7
diffusion & perp viscosity W, - i[Dkf +kp (v + Mkf)]
— Convective cells damped by ~ “av = (1+42?) e
arallel viscosit
P y W, = —i(v“ + y“kf) +...
« Smaller shear flows are less able to regulate turbulence’
— Flow shearing rate w,,,,,. = d(£,/B)/dr 0%/t

— h =2 or 2/3 (laminar flow) D, =

h
1 + a(tchhear)

« Predator prey model® of zonal flow-drift wave interaction predicts that
turbulent flux is proportional to zonal flow damping rate

0,9 =+7,0-V,p* — agV’
AV =-v,V+ag’V O V=0 P=7,1vy
2 2
0507 +V2) = 1,07 Vo9 -, V2 A L B
<?us’i£|r 'P.H. Diamond, et al., Plasma Phys. Control. Fusion 47 (2005) R35 UL_ 20
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Conclusion: Convective transport is the key!

« Itis imperative to understand the transport mechanisms responsible
for ELM control and how they scale to future devices

« Stochastic transport hypothesis can only be possible in the limit of
strong shielding of magnetic perturbations
— RMP-induced transport is convective not conductive
— Strike-points show splitting in particle flux, but not in heat flux

* Investigated 3-field model of shielding & quasilinear transport
— FLR effects & anomalous transport should play important roles in the pedestal
— A single island may exist near the electron resonance where V,=0
— Where ions and electrons rotate in opposite directions relative to the perturbation
V.>0and V,>0, there can be
« Outward magnetic flutter flux
- Radiation of drift waves by small-scale islands

(?E;J L UL' “
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Additional Material ...
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Toroidal variations of divertor plasma can be used to
mitigate target exhaust

* Non-axisymmetric variations in the
electrostatic potential drive both ExB
convection and parallel current J,,

« SOL convection’ can be used to spread
particle and heat fluxes in the divertor

« SOL current? can be used to generate
magnetic perturbations inside the separatrix
that controls pedestal transport & stabillity

« Can be driven either by direct electrical
biasing or by passive generation of toroidal
divertor asymmetries +V

'R. H. Cohen and D. D. Ryutov, Nucl. Fusion 37 621 (1997)
2]. Joseph, R. H. Cohen and D. D. Ryutov, Phys. Plasmas 16 052510 (2009)

SN
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Particle & thermal diffusivities can be estimated from power
balance in the edge plasma

« Calculated assuming no sources

or sinks in the edge plasma Transport Coefficients
2- ....................... B B T R R R .
dn - [—Du|
Iy = _DE ] TR s e ol
AT LI1] SERETIRRRRPRAN """""""""""""" ~~~~~~~~~~~~~~~~~ """"" —X7e
3 z N s
Lo=-3x_*
12|
* Assume equal power injected & |
into electron and ion channels o

input power 80 keV NBI

_ Sy =1.2x10%'s" >
~ Ppy= 9.7 MW, P, =0.2 MW i
— Pragcore = 0.8 MW A g : :
- Pe =P;=4.5MW o 0.65 %;9 0.5 1

« At such low density, the neutral CX source may be significant in the outer
region, as seen in the extremely low value of D for y > 95%

—
(ilﬁggyl' UL- 43
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TRIP3D superimposes external coil fields (Biot-Savart) with
Grad-Shafranov axisymmetric equilibrium (EFIT)

b

mn

5.5 Island widths from I-Coil and field-error RMPs \
. L L L
= 4.0 kA, N=3, even, 122346 .
5.0_— — 4.4 kA, n=3, Odd, 115467 __
- field-errors 7
L -14/3 g
4.5_— -9/2 W
: -13/3 puii—
T 4.0 12/3 i -
i -11/3 puil ]
: -10/3 el — :
3.0 o/3 i — -
2.5_ L | 1 ! L | | L | ! ! ! | 1 ' L

086 088 090 092 094 096 098 1.00
Normalized Poloidal Flux

*Island sizes determined from the vacuum
approximation are large enough to overlap

*Island widths are determined by the
resonant k=0 harmonics 6B(m=gn)

.
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Can stochastic field line transport explain the reduction in
edge pressure gradient?

TRIP3D: # Forward Transits for Escape 123301 2170 ms

# toroidal transits
for escape

red < 100
black<10

0.75 :
0 60 120 1680 240 300 360

« RMP induces magnpetic diffusion and fractal structure in the
edge stochastic layer
« TRIP3D B-field model superimposes external RMP-coil fields
= & EFIT Grad-Shafranov equilibrium uL-
45
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Stochastic transport can be described by considering the
quasilinear effect on particle trajectories

- Drift kinetic equation d.f+v, Vf + % E -V f=0

« The initial equilibrium f; is close to a Maxwellian, and is constant on the original flux
surfaces to lowest order in the gyroradius expansion p/L

« A small perturbation 6B generates a linear change to the distribution function

oB ZeE v| OB ZeE
V' Vofi ==V, (Vfo"' fo) f1=_‘v_”‘f§(vfo+ T fo)dﬁ
Il
* The perturbed dlstrlbutlon functlon generates 2" order fluxes

df. OB OB ZeE ZeE
72 = _Vx. _vllﬁ - v” T —f‘l V Vv” T
1, B B T Tv,

ZeE
‘Vu‘d (Vfo T fo)
. We can identify the magnetic diffusion coefficient as the correlation function
OB , | OB OB , | OB
i = [0 = (B0 % )
OB
The magnetic diffusion coefficient can be estimated via' d,; = ”qun(f)
'"M.N. Rosenbluth, et al., Nucl. Fusion 6 297 (1966) =UL- 46
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E3D Braginskii fluid transport code developed for
stochastic 3D fields was used to calculate transport!

Assumes anomalous L transport in static background field
« Energy equation: (only energy equations used in this study)

Sn(dT+uVT)=VxVT+V,kVT+0,

« Parallel momentum
mn(druu +Vj %an) =qnky-V,p-V- 1]
« Quasineutral continuity
on+Vpuy =V, DV n

* Nonlinear sheath BC’s (R. Chodura)

O = BnTC, cosb, ~nT>”?| T =nC, cosO ~nT'"

';,Sg,’"" 'l. Joseph, et al., Nucl. Fusion 48 045009 (2008) UL- a7




E3D uses Monte-Carlo fluid elements & field aligned grid to
accurately solve highly anisotropic fluid equations

8 10
« Heat transport highly anisotropic Kj /KJ_ = Xi /XJ_ ~10" -10

« Stochasticity can generate small scales gl/g” ~ A /XJ_ /Xn ~107* =107

Connection length ¢=240°
1000 . .

« Fractal connection length structure

900

800

« Solution: Monte-Carlo technique 700
— Let T(x,t) = p.d.f. for heat packets |
— Evolve using Brownian motion

500

Length (m)

400

300

200F

|

05 0 05 1
R-R__ (cm)
. . sep
« Use local magnetic coordinate systems to globally cover space

— Exchange integration for mapping between local subdomains.

100

0

—
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E3D simulations! determine 3D structure of Te and Ti in the

assumed 3D fields

Ne (1':)13 -::m'S]

-a0

-60

-70

-80

-30

Z (cm)

-100

-110

-120
-130

140 160 180
R (cm)

120

Z (cm)

-100

-110

-120
-130

Te (eV)

-a0
-60
-70
-80

-30

110 120 130 140 150 18D 170 18(
R (cm)

* n, assumed to be a flux function
« constantD =1 m?/s, x,=x% =1.5m?/s
« Connection length determines heat flux

-a0

-60

-70

™ 100

-110

-120

-130

Ti (eV)

—400

1350

J300

1250

Yl Ny

110 120 130 140 150 160 170 180

'I. Joseph, et al., Nucl. Fusion 48 045009 (2008)
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Inner strike-point heat flux profiles predicted to develop

non-axisymmetric structure

117 1200

11000

1800

110

109

108
0 60 120 180 240 300 360

17
116
15
114
113
o 112
11
10
109

108

122342 ISP Heat Flux Pinj=5 MW

il 120 180 240 300

E3D calculations motivated the 2006-2007 experimental campaign
— High resolution Langmuir probe array sweeps to measure fluxes
— New IR camera from TEXTOR at second toroidal location
— Wanted to verify width and phase of structure & variation with edge qgs;

—
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Detailed heat flux calculated at fixed toroidal location

I = = = gxisymmetric
" = perturbed

toroidal average

= = = gxisymmetric )
12001 — perturbed Iy 1y
. LI 700+ . N .
''''' toroidal average i . s -
I 1 1
1000+ 1 '
i, 600y 1,
oy N0
by o ]
& 800r FA\a < 500 1
5 ; g '
= = 400f '
= 600 = :
C G 300/ .
1
]
200+ Y
]
4
100
L 1 J 0 1 L 1 1
112 114 116 118 160 162 164 166 168 170
R (cm)

fos 110
R (cm)

Field lines efficiently loaded with heat upstream
Effective area for flux deposition predicted to increase by 50%

Direct field line contact area increased, but
Perpendicular decay length decreased due to higher temperature

— Optimization requires accurate calculation of Te and Ti at target
Rotating tearing activity should produce equivalent toroidally averaged profile

L -
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Dramatic heat flux splitting was originally observed in
high collisionality perturbation experiments

» Relatively weak fields observed to have 3x larger effect
— N=1 plasma response fields are implicated

* Motivates study of field line structure at divertor target
« Can we use this technique to spread heat flux in reactor designs?

-
'T. E. Evans, et al., J. Nucl. Mater. 363-365 570 (2007) UL_ 5




Dramatic heat flux splitting was originally observed in
high collisionality cases without pumping

TRIP3D: Magnetic Fo&tﬂl;intt11r?i467 3400 ms
y starting y,

outer leg color

1.34 i
~. footprint
«° . EFIT outer strike
g ——— BOLD/FLIR
1.335} R 195
b 240/Xpt-TV
L RS o
1330, T . 'y
1]

R (m)

1.315¢

1.31 - . .
Q 60 120 180 240 300 360

Odd parity RMP ~5X weaker than even parity
But appears to have 2 striations, not 3 (maybe more n=17?)
— 5-6 cm measured width, but only 2 cm predicted?

L -
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The outer lobes are thermally isolated from the interior
except during radial transport events

ISP splitting in IR measurements #129194

ELM & RMP(no ELM suppression) ELM supression || right after pellet with RMP

3700.8 ms

22791 ms 2310.0 ms ' 23754 ms

ELM heat expell fills lobes, i.e. very tiny imprint | pellet cause sufficient convective
fillamentary ELM structure is of outer lobe in heat expell to map magnetic footprint
governed by RMP helicity heat flux

increased radial heat flux is needed to detect SP splitting

(M Jakubowski & O Schmitz, FZ-Julich)
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